Background-We sought to characterize patients with persistent atrial fibrillation (AF) who were successfully treated by ablation targeting the left atrium (LA). Methods and Results-Ninety-three patients (58Ϯ10 years, 79 male) undergoing ablation of persistent AF were studied.
C atheter ablation of atrial tissue aimed at modification of the fibrillatory substrate is commonly added to pulmonary vein (PV) isolation for the treatment of persistent atrial fibrillation (AF). However, the location of the fibrillatory substrate can differ greatly from patient to patient. Stepwise ablation aimed at terminating persistent AF is an ablation strategy that allows individualized treatment and potentially reduces the total amount of atrial tissue damage and procedure duration. 1 Importantly, this stepwise ablation strategy is also associated with excellent clinical outcome.
Clinical Perspective on p 471
Mapping of human AF suggests that the left atrium (LA) is the driving chamber of AF. 2, 3 This has led to targeting of the LA for AF substrate modification. Whether ablation of the right atrium (RA) confers any incremental benefit is a matter of ongoing debate. 4 -8 For example, it has been reported that biatrial ablation was required in 10% to 26% of patients to achieve termination of AF with ablation. 6, 7 However, it is not unusual for sinus rhythm (SR) to be maintained after cardioversion despite failure to achieve termination of AF by ablation. In such patients, biatrial ablation would result in unnecessary atrial tissue damage and longer procedures. It is not known at this time which patients can be successfully treated by modification of the LA substrate versus modification of both LA and RA substrate. The primary goal of our study was to characterize patients who were free from AF after substrate modification in the LA and coronary sinus (CS). A secondary goal was to investigate whether RA ablation produced incremental benefit in patients in whom AF recurred after LA/CS ablation.
Methods

Study Population
Ninety-three patients (58Ϯ10 years, 79 male) with drug-refractory symptomatic persistent AF undergoing catheter ablation were studied. Patients had to have had AF continuously for more than 1 month before the ablation to be enrolled. Eighteen patients (20%) had had an electric cardioversion previously. Median duration of the persistent AF was 1 year (1st to 3rd quartile, 0.38 to 4.0 years). Mean LA diameter was 44Ϯ5 mm. Left ventricular ejection fraction was 60Ϯ11%. Fourteen patients (15%) had structural heart disease (dilated cardiomyopathy, 5; mitral valve disease, 3; coronary artery disease, 2; hypertrophic cardiomyopathy, 2; aortic valve disease, 1; and postatrial septal defect repair, 1). One patient had Brugada syndrome. Twelve patients (13%) had a left ventricular ejection fraction of Յ45%. All patients gave written informed consent for the study protocol, which was approved by the institutional review board.
Electrophysiological Study
All antiarrhythmic drugs were discontinued Ն5 half-lives before the ablation. No patients were taking amiodarone. Warfarin was administered with a target international normalized ratio of 2.0 to 3.0 for at least 1 month before the procedure. Two days before the catheter ablation, warfarin was discontinued and heparin was begun. Transesophageal echocardiography was performed 1 day before the procedure to confirm absence of atrial thrombi.
A multi-electrode catheter was deployed in the CS from the jugular vein. Two boluses of 50 IU/kg of heparin were administered, one prior to transseptal puncture and the second immediately after transseptal puncture. The activated clotting time was evaluated at least every 30 minutes and maintained at Ն300 seconds during the procedure. The surface ECG and bipolar intracardiac electrograms were monitored on a computer-based digital amplifier/recording system (Labsystem Pro, Bard Electrophysiology). The intracardiac electrograms were filtered from 30 to 500 Hz and measured with online calipers at a sweep speed of 100 mm/s.
First Procedure
Catheter ablation was started during ongoing AF, and the goal of the first procedure was termination of AF and restoration of SR by ablation. If AF converted to atrial tachycardia (AT), the AT was ablated. Ablation was performed using an 8-mm tip electrode catheter without guidance of 3D mapping systems. The anatomy of the PVs and their ostia was confirmed by PV angiography before ablation. Radiofrequency (RF) energy was delivered up to 35 W with a temperature limit of 55°C. The AF cycle length averaged over at least 30 consecutive cycles was evaluated at the LA and RA appendages after each ablation step.
The first procedure included PV isolation, electrogram-based ablation in the LA or CS, LA linear ablation, superior vena cava (SVC) isolation, and cavotricuspid isthmus linear ablation. Electrogram-based ablation was not performed in the RA. Ablations were performed in the following sequence. First, the PVs were isolated during ongoing AF, guided by a circumferential decapolar electrode catheter. Next, all sites in the LA and CS displaying any of the following complex electrogram characteristics were targeted for ablation: (1) continuous activity, (2) centrifugal activation, (3) short cycle length activity (Ն10 ms shorter than in the surrounding area), and (4) activation gradient. 1 For the electrogram-based ablation, electrograms were visually assessed without guidance from any mapping system. The end point of the electrogram-based ablation was conversion of the target electrogram into discrete activity or the elimination of the local activity. If the AF continued after ablation of all sites displaying electrograms of interest in the LA/CS, linear ablation was performed at the LA roof. If the roof line failed to terminate AF, linear ablation was performed at the mitral isthmus. During AF, the end point for the linear ablation was elimination of the local activity. Last, the SVC was isolated, guided by a circumferential decapolar electrode catheter, if the cycle length in the SVC was shorter than in the RA by Ն10 ms during AF.
If ablation converted AF into AT, ablation of the AT was performed. If none of the above steps terminated AF, an electric cardioversion was performed. No antiarrhythmic drugs were given to the patients during the procedure. After restoration of SR, cavotricuspid isthmus linear ablation was performed in all patients. Regardless of whether or not AF was terminated by ablation, isolation of the PVs and conduction block of all of the linear lesions were validated during SR or atrial pacing as appropriate. If residual conduction gaps were identified, ablation was continued to achieve isolation of the PVs and conduction block of the lines. For validation of conduction block of the roof line, a pacing catheter and the ablation catheter were deployed at the LA appendage and LA roof, respectively, through a single transseptal puncture. For validation of mitral isthmus line block, a multi-electrode catheter in the CS and the ablation catheter in the LA were used for pacing and mapping.
Follow-Up
After the ablation, 100 mg of flecainide and 2.5 to 5.0 mg of bisoprolol were administered for 2 months. After that period, all antiarrhythmic drugs were discontinued. Discovery of persistent or paroxysmal episode of AF/AT continuous for Ͼ30 seconds after the 2-month blanking period was regarded as a recurrence of tachyarrhythmia, and a repeat procedure was performed.
ECG and 24-hour Holter monitoring were performed monthly beyond the blanking period up to 6 months. After those 6 months, the patients were followed every 3 to 6 months in our outpatient clinic, and an ECG was recorded each time. Patients who had symptoms were provided with a portable ECG monitor (Omron, Kyoto, Japan) for event monitoring for the duration of our study. Asymptomatic patients who had no ECG evidence of AT or AF were categorized as SR, although infrequent occult tachyarrhythmia can never be ruled out.
Repeat Ablation
If patients were in SR, atrial burst pacing was performed to induce AF or AT. In patients with spontaneous or induced AF, reisolation of the PVs and ablation of the remaining complex electrograms in the LA/CS were performed first. If AF continued after the LA ablation, electrogram-based ablation was performed in the RA. To avoid injury to the sinus node and AV node, the high posterolateral wall of the RA and the right anteroseptum near the tricuspid annulus were not ablated. The procedural end point was termination of AF and restoration of SR as in the first procedure. If AF continued after ablation of all sites displaying complex electrograms in the both atria, an electric cardioversion was performed.
In patients with AT, ablation was performed for all of the ATs that were inducible by atrial burst pacing. A CARTO system was used for mapping the ATs, as previously described. 9 The procedural end point was noninducibility of ATs.
Statistical Analysis
The data are presented as meanϮstandard deviation for normally distributed variables and as median and interquartile range for non-normally distributed variables. Continuous variables grouped by the outcome of the first ablation were compared using 1-way ANOVA if normally distributed or Kruskal-Wallis test if skewed. Continuous variables grouped by the overall outcome were compared using independent-samples Student t test if normally distributed or Wilcoxon rank-sum test if skewed. A comparison of proportions was performed by a 2 test. For comparison of AF cycle length between before and after ablation, the paired Student t test was used. Multiple logistic regression analysis was used to identify the predictors of elimination of AF and freedom from tachyarrhythmias after the first ablation. Receiver-operator characteristic curves were used to determine the duration of persistent AF that provided the best sensitivity and specificity for elimination of AF after the first ablation. Freedom from tachyarrhythmias was analyzed by the Kaplan-Meier method. A value of PϽ0.05 was considered to be statistically significant. All statistical analyses were performed using SPSS 15.0.
Results
First Procedure
The PVs were isolated in all 93 patients, with RF duration of 42Ϯ13 minutes. AF terminated in 2 patients (2%) during the PV isolation. The remaining 91 patients (98%) underwent electrogram-based ablation in the LA and CS, with RF duration of 29Ϯ12 minutes. Linear ablation at the LA roof and mitral isthmus was performed in 81 (87%) and 79 (85%) patients with RF duration of 8Ϯ3 and 14Ϯ7 minutes, respectively. Complete conduction block was achieved in 56 (69%) and 48 (61%) patients for the roof line and mitral isthmus line, respectively. SVC isolation was performed in 7 patients (8%), and complete isolation was achieved in all with RF duration of 8Ϯ4 minutes. The total procedure duration was 250Ϯ51 minutes.
Overall, AF was terminated by ablation in 25 patients (27%), and the remaining 68 patients (73%) were all successfully electrically cardioverted. Of the 25 patients with AF termination by ablation, AF was converted into AT in 17 patients (68%) and directly into SR in the remaining 8 patients. SR was restored by ablation of the subsequent ATs in 11 patients and electric cardioversion was required in 6 patients. In the 68 patients requiring cardioversion for termination of AF, ablation had significantly increased the AF cycle length relative to baseline in both atria (LA, 138Ϯ14 ms to 161Ϯ20 ms, PϽ0.0001; RA, 140Ϯ16 ms to 149Ϯ19 ms, PϽ0.0001). The postablation AF cycle length was also significantly longer in the LA than in the RA (PϽ0.0001).
During mean follow-up after the first procedure of 1.8Ϯ0.7 years (range, 0.6 to 2.9 years), 35 of 93 patients (38%) remained in SR, 27 (29%) were found to have AT, and 31 (33%) had recurrence of AF (paroxysmal, 7, persistent: 24). A follow-up period was 1.8Ϯ0.6, 2.0Ϯ0.6, and 1.7Ϯ0.7 years in patients with SR, AT, and AF, respectively. AF was eliminated (SR or AT alone) in 62 of 93 patients (67%). Of the subset of 68 patients who had required electric cardioversion for termination of AF, 28 patients (41%) had AF and the remaining 40 patients (59%) were free from AF (SR, 19 [28%]; AT, 21 [31%]). In Table 1 , clinical, echocardiographic, and electrophysiological variables are summarized according to the 3 outcomes (SR, AT, and AF) after the first procedure. As shown, age, sex, left ventricular ejection fraction, and AF cycle lengths were not different between the outcomes. Two parameters were statistically different between outcomes, the duration of persistent AF (Pϭ0.005) at time of enrollment, and whether AF termination had required electric cardioversion (Pϭ0.004). Patients in whom AF recurred had a longer duration of persistent AF (median 3 years) and a larger percentage of them (90%) had required electric cardioversion for AF termination. Multiple logistic regression analysis demonstrated that the duration of persistent AF was the only predictor of elimination of AF (SR or AT) after the first ablation (odds ratio, 0.80 for a 1-year increase; 95% confidence interval, 0.67 to 0.95; Pϭ0.01). The optimal cutoff value of the duration of persistent AF was 1.9 years according to receiver-operator characteristic curve analysis. Figure 1 shows the duration of persistent AF grouped by outcome. Sensitivity, specificity, positive predictive value and negative predictive value with this cut-off value and AF termination by ablation for elimination of AF are shown in Table 2 . When freedom from both AF and AT (as opposed to freedom from AF) was regarded as the outcome of interest, multiple logistic regression analysis again found the duration of persistent AF to be the only predictor (odds ratio, 0.73 for a 1-year increase; 95% confidence interval; 0.57 to 0.95, Pϭ0.02).
Repeat Ablation for AF
Twenty-eight of the 31 patients who had recurrence of AF (paroxysmal, 7; persistent, 21) during follow-up underwent a second procedure (Figure 2) . Reisolation of the PVs was required and performed in 18 patients, with RF duration of 9Ϯ4 minutes. Electrogram-based ablation in the LA or CS was performed in 25 patients (89%), with RF duration of 16Ϯ12 minutes. Reisolation of the PVs terminated AF in 1 patient (4%) and the LA/CS ablation terminated AF in 1 patient (4%). In the 26 patients whose AF was not terminated by LA/CS ablation, electrogram-based ablation was performed in the RA with RF duration of 21Ϯ14 minutes. AF terminated during the RA ablation in 5 patients (18%). The total procedural duration was 221Ϯ65 minutes.
The baseline LA cycle length was significantly longer than the RA cycle length (151Ϯ13 ms versus 138Ϯ14 ms, Pϭ0.001). Reisolation of the PVs and electrogram-based ablation in the LA/CS increased the LA cycle length to 157Ϯ11 ms (Pϭ0.01) without an increase in the RA cycle length (140Ϯ12 ms, Pϭ0.36). Excluding the 5 patients in whom the RA ablation had terminated AF, ablation in the RA significantly increased RA cycle length (143Ϯ10 ms to 156Ϯ15 ms, PϽ0.0001) but not LA cycle length (158Ϯ12 ms to 160Ϯ14 ms, Pϭ0.35).
Over follow-up in the 26 patients who had received RA ablation, 6 remained in SR (23%), 10 were found to have AT (38%), and 10 (38%) had AF (paroxysmal, 4; persistent, 6), translating to elimination of AF in 62% of the patients by the repeat ablation. Five of the 10 with AF and 8 of the 10 with AT underwent a third procedure (Figure 2 ). The 2 patients whose AF had terminated without RA ablation, that is, in whom the PV reisolation or LA ablation had terminated AF, remained in SR.
Repeat Ablation for AT
All of the 27 patients (29%) found to have AT after the first procedure underwent a second procedure. A total of 49 ATs were mapped; 47 of them (96%) originated from the LA or CS (macroreentry, 20; focal AT, 21; localized reentry, 6). The remaining 2 (4%) originated from the RA, and both were focal ATs arising from the RA septum. Of the 20 macroreentries, 18 (90%) were associated with conduction gaps in prior linear lesions. Over follow-up of these patients, 18 patients (66%) remained in SR, 8 (30%) had a recurrence of AT, and 1 (4%) had paroxysmal AF. Five of those 8 patients with AT and the 1 patient with AF underwent a third procedure (Figure 2 ).
Third Ablation
Nineteen patients (20%) underwent a third procedure (6 patients for AF and 13 for AT). A total of 15 ATs were mapped, and all originated from the LA or CS except for 1 arising from the SVC (macroreentry, 6; focal AT, 8; localized reentry, 1). Of the 6 patients undergoing ablation for AF (paroxysmal, 5; persistent, 1), AF was terminated by electrogram-based ablation in the LA and RA in 2 patients and 1 patient, respectively. Over the follow-up period, 16 patients (84%) remained arrhythmia-free, 1 patient (5%) had paroxysmal AT, and 2 (11%) had AF (paroxysmal, 1; persistent, 1; Figure 2 ).
Overall Clinical Outcome
Overall, a median of 2 procedures were performed, and the follow-up period from their last procedure was 1.3Ϯ0.8 years. From the Kaplan-Meier curve, freedom from any symptomatic tachyarrhythmias was estimated as 82% at both 1 and 2 years follow-up (Figure 3) . Of the 77 tachyarrhythmia-free patients, 5 were on antiarrhythmic drugs (amiodarone in 1, flecainide in 4). Of the 16 patients (17%) in whom tachyarrhythmias recurred, 5 had paroxysmal AT or AF, 2 had persistent AT, and 9 (10%) had persistent AF. Three of the 5 patients with paroxysmal AT or AF were on antiarrhythmic drugs (amiodarone in 1, flecainide in 2). Of the variables studied, recurrence of AF after the first procedure was the only variable associated with an overall failure of maintenance of SR (Pϭ0.0002) ( Table 3 ). Duration of persistent AF had a tendency (Pϭ0.10) to be longer in patients whose tachyarrhythmias recurred.
Adverse Events
Adverse events occurred in 2 patients (2%). One patient had a stroke during the first procedure, and the neurological deficits (left arm weakness) disappeared 1 month after the procedure. The other patient had a pericardial effusion 1 day after the first ablation, which required percutaneous drainage. No other adverse events (including phrenic nerve injury) occurred in any patients during the follow-up period.
Discussion
Compared with recurrence of AT, recurrence of AF after ablation is associated with failure of maintenance of SR. 1, 6, 10 Therefore, the first goal of our study was to identify the characteristics of persistent AF that could be eliminated by a single (LA-based) ablation. We determined that the number of years that patients had been documented to have persistent AF at the time of study enrollment (first procedure) was significantly shorter in patients whose AF was eliminated by LA ablation (SR or AT), compared with those who had a recurrence of AF. AF termination by ablation was the other parameter significantly associated with successful outcome, consistent with other reports, 1,6,10,11 but this was not a predictor in multivariate analysis. For prediction of elimination of AF by LA ablation, sensitivity and negative predictive values of a 1.9-year cutoff for persistent AF duration were better than that of AF termination by ablation. The second goal was determination of the benefits of right-sided ablation. Sixty-two of our 93 study patients (67%) were freed from AF by the LA ablation protocol, which was performed first, although 27 of the 62 patients (44%) required a repeat ablation for ATs. Of the 26 patients who received RA ablation during a second ablation, a further 16 patients (62% of 26) were free of AF. These results indicate the obvious merit of RA electrogram-based ablation.
Procedural End Point in the Catheter Ablation of Persistent AF
Mapping studies of persistent AF suggest that focal activities emanate from the PVs and posterior LA during ongoing AF. 2, 3 The posterior LA involving the PVs was initially considered to be the dominant fibrillatory substrate. However, the limited efficacy of ablation targeting the posterior LA indicates that the fibrillatory substrate is also present outside of the posterior LA. [12] [13] [14] Catheter ablation using electrogram-based ablation techniques enables us to terminate persistent AF, demonstrating that the sites critical for maintaining AF are present not only in the PVs but also in other areas such as the CS, LA appendage, or interatrial septum. 1, 4 Furthermore, ablation aimed at termination of AF improves clinical outcome. However, the predictive value of electrogram characteristics associated with termination of AF is modest. 15 Localization of the critical fibrillatory substrate remains challenging, and mapping and ablation of complex electrograms in both atria require considerable time. In fact, the procedural end point for electrogram-based ablation is time in many centers. Even if ablation fails to terminate persistent AF, ablation can prevent recurrence of AF in many patients. This is reflected in the poor sensitivity and negative predictive value of AF termination by ablation for prediction of freedom from AF (Table 2) . Considering efforts for AF termination by ablation, this fact is discouraging indeed. The present study suggests that ablation of all areas displaying electrogram of interest in the LA/CS could be an alternative end point of procedures in patients with a short duration of persistent AF, if ablation failed to terminate AF.
Distribution of the Fibrillatory Substrate
It is well known that the distribution of the fibrillatory substrate is related to the clinical presentation of AF, whether it is paroxysmal or persistent AF. The present study suggests that the distribution of the fibrillatory substrate greatly differs even among patients with persistent AF, depending on the duration of persistent AF. The perpetuation of AF causes electric and structural remodeling. 16 In addition to these changes, the present data suggest that the fibrillatory substrate progressively extends from the LA to RA over time, because LA ablation was more effective in patients with shorter duration of AF and additional RA ablation was required in patients with longer duration of AF. Although it has been reported that duration of persistent AF is associated with the clinical outcome of catheter ablation, 17 the present study provides new insights into the relation between duration of persistent AF and extent of fibrillatory substrate. The arrhythmogenicity of the PV is associated with its histological and electrophysiological characteristics, 18, 19 the autonomic nervous system, 20,21 and atrial stretch. 22, 23 These underlying factors may also contribute to the progression of the fibrillatory substrate in the LA.
Atrial Tachycardias Occurring After Ablation of Persistent AF
ATs are common tachyarrhythmias occurring after ablation of persistent AF. 1, 9, 10 In the present study, the patients presenting with ATs after the first procedure had a longer duration of persistent AF than those free from any tachyarrhythmias. This may suggest that the mechanisms of the ATs act as a part of the fibrillatory substrate. It is also possible that extended ablation within the atria is creating a substrate for the ATs, contributing to the high recurrence rate of AT in our study. The creation of linear lesions with complete conduction block reduces the occurrence of ATs, 24 but ablation techniques to prevent focal ATs or localized reentry have not been developed. ATs are more amenable to ablation than AF; thus, it appears that the occurrence of ATs is a tolerable outcome after the first procedure. 10 If the ablation converts AF into ATs during the procedure, ablation of the subsequent ATs can prevent the occurrence of ATs and improve clinical outcome. This is one of advantages of catheter ablation aimed at procedural termination of AF.
Limitations
Our study was conducted with an 8-mm-tip catheter, because an irrigated-tip catheter was not available in Japan during the study period. This is a major limitation considering the increasing use of irrigated-tip catheters for AF ablation at present and may explain the lower success rates in this study.
Use of an irrigated-tip catheter may have been helpful for prevention of conduction recovery and produced a better clinical outcome. The present study suggests that patients with a long duration of persistent AF are more likely to benefit from biatrial ablation. To investigate the superiority of biatrial ablation over LA ablation, a randomized study is warranted. In the repeat ablation procedures for recurrent AF, many patients underwent ablation of the LA also. Thus, the efficacy of the repeat ablation was not attributable to ablation of the RA alone. However, the baseline AF cycle length in the repeat ablation was significantly shorter in the RA than in the LA, and the RA ablation terminated AF or increased RA cycle length. This suggests that the fibrillatory drivers were present in the RA in patients in whom the first ablation failed to eliminate AF.
Conclusion
Patients free from AF after the LA/CS ablation were characterized as having a shorter duration of persistent AF. Thus, biatrial ablation aimed at termination of AF may result in unnecessary procedural duration and tissue damage in patients with a short duration of persistent AF. In contrast, the efficacy of RA ablation in patients with recurrent AF may suggest that the RA also must be targeted in some patients, particularly in those with a long duration of persistent AF.
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